Abstract-The bulbar conjunctiva is a thin, vascularized membrane covering the sclera of the eye. Non-invasive imaging techniques have been utilized to assess the conjunctival vasculature as a means of studying microcirculatory hemodynamics. However, eye motion often confounds quantification of these hemodynamic properties. In the current study, we present a novel optical imaging system for automated stabilization of conjunctival microvasculature images by real-time eye motion tracking and realignment of the optical path. The ability of the system to stabilize conjunctival images acquired over time by reducing image displacements and maintaining the imaging area was demonstrated.
I. INTRODUCTION
T HE bulbar conjunctiva is a thin and densely vascularized membrane covering the sclera of the eye. The conjunctival microvasculature is easily imaged by non-invasive techniques, thereby allowing study of in situ microcirculatory hemodynamics [1] . Previous studies have reported alterations to the conjunctival microvasculature in systemic pathologies including diabetes [2] , [3] , Alzheimer's disease [4] , and sickle cell anemia [5] - [7] . Therefore, assessment of the conjunctival microcirculation may improve understanding of the abnormalities that occur in microvascular hemodynamics due to various systemic diseases.
Several commercially available retinal imaging systems have been modified to assess the hemodynamic properties of the conjunctiva, including the Retinal Functional Imager [8] and Heidelberg Retinal Flowmeter [9] . Additionally, dedicated optical imaging systems have been developed based on Orthogonal Polarization Spectral imaging [10] , slitlamp biomicroscopy [1] , [5] , [11] , [12] and intravital microscopy [3] , [13] . These systems assess the conjunctival hemodynamics by analyzing image sequences captured at high frame rates and magnifications. High magnification imaging is achieved with either additional optics [1] , [5] , [11] , [12] or modification of the telephoto zoom via camera settings [14] - [16] . Nevertheless, these optical imaging systems have not incorporated image stabilization instrumentation to remove eye motion artifacts, a necessary step for quantification of conjunctival hemodynamics. One common approach to remove motion artifacts has been spatial registration of image sequences. However, automated image registration may be hindered by poor image quality and contrast, and manual image registration requires extensive user interaction and time. Furthermore, since both registration methods are applied after image acquisition, data loss along the boundaries of the imaged area is unavoidable. In contrast, automated real-time image stabilization methodologies that allow for continuous imaging of a conjunctival microvasculature region while maintaining the imaged area would be beneficial for the study of microvascular hemodynamics. Specifically, image stabilization facilitates acquisition of image data over a large microvasculature network region, shortens imaging time for patients, and reduces post-acquisition image processing. These advantages increase the sensitivity and accuracy for detection and monitoring of pathologies, thereby improving assessment of the conjunctival hemodynamics.
Image stabilization techniques that use infrared light reflectance from the optic disk have been incorporated into retinal imaging systems, such as scanning laser ophthalmoscopes [17] , [18] and optical coherence tomography systems [19] . However, the optic disk is not visible during conjunctival imaging, making this method of tracking impractical. Previously, imaging of the conjunctival microvasculature has been used to estimate ocular motion [20] , however real-time image stabilization was not attempted. In the current study, we report a novel optical imaging system that performs automated image stabilization of the conjunctival microvasculature by real-time ocular motion tracking and optical path realignment.
II. MATERIALS AND METHODS

A. Instrumentation
A schematic diagram of the optical imaging system for real-time image stabilization of the conjunctival microvasculature is shown in Fig. 1 . The optical setup was assembled on a steel bread board which was mounted on a translating table with three degrees of motion, allowing precise alignment of 0278-0062 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the optics with respect to the eye. A slit lamp biomicroscope's white light source (27 W, BC900, Haag-Streit AG, Koniz, Switzerland) was fitted with a bandpass filter ( , Thorlabs, Newton, NJ) to illuminate the conjunctiva at a power of . This wavelength was chosen to increase the contrast between the conjunctival microvasculature and the surrounding scleral tissue. Reflected light from the conjunctiva was directed by two mirrors attached to rotational galvanometers (Model 6240H, Cambridge Tech, Bedford, MA), which were mounted in a perpendicular orientation using a customized X-Y mount (Cambridge Tech, Bedford, MA). The galvanometers were powered by two dedicated 10-V DC power supplies and controlled using a DAQ board (BNC 2120, National Instruments, Austin, TX) attached to the control computer (Optiplex 990, Windows 7 64-bit, Dell). Rotation of the mirrors in an X-Y configuration permitted optical beam path realignment in both the horizontal and vertical dimensions. A 150 mm focal length lens (Thorlabs, Newton, NJ) collected light from the conjunctival plane and collimated the image prior to bifurcation. The optical beam path was bifurcated using a 90/10 polarizing pellicle beam splitter (Thorlabs, Newton, NJ). The 10% beam path contained an adjustable aperture and a second 150 mm focus length lens (Thorlabs, Newton, New Jersey) to generate a 1x magnified image which was captured by a charge coupled device (CCD) camera (Prosilica GT 1380, Allied Vision Technologies GmbH). This CCD camera acquired 8-bit gray scale images for tracking. The 90% beam path contained a beam expander and camera arm mount of a slitlamp biomicroscope optical head (Zeiss, Jena, Germany) to generate a 3.8x magnified image on a second, identical CCD camera (Prosilica GT 1380, Allied Vision Technologies GmbH). This imaging CCD camera acquired magnified 8-bit gray scale image sequences for evaluation of image stabilization. A 90/10 polarizing pellicle beam splitter was chosen to maximize light directed to the imaging camera, since the higher magnification optics required more light. Both CCD cameras were aligned to share the same image focal plane and used an interline Sony ICX285 sensor with a pixel size of , a fill factor of 100%, a quantum efficiency of 50% at the imaging wavelength. Each camera was controlled by a dedicated GigE network interface card mounted to the control computer's motherboard. Real-time image stabilization and acquisition were controlled using a customized software program (LabView 2014, National Instruments, Austin, TX).
B. Real-Time Image Stabilization
The control program simultaneously and independently coordinated image acquisition on both cameras at different frames per second (FPS) rates. The tracking camera operated at either 60 or 90 FPS by using a region of interest (ROI) on the camera sensor ( ; ). The maximum displacement in both x and y dimensions that could be corrected by the system was limited by the field of view of the tracking camera and was 1.29 mm. The imaging camera operated at 50 FPS using a ROI on the camera sensor ( ; ). Image stabilization was performed by tracking at one of the two FPS conditions while simultaneously realigning the optical beam path by galvanometer rotation of the two perpendicular mirrors.
Tracking was achieved by determining the displacement of a template image in consecutive tracking camera image frames using a normalized 2D cross correlation algorithm provided by an open source computer vision and machine learning software library (OpenCV, version 3.0.0) [21] . First, the template image was created by cropping the initial tracking camera image frame to a user-assigned ROI of . Second, the OpenCV cross-correlation function (cvMatchTemplate) generated a 2D array of correlation coefficients by sliding the template image over the current tracking camera image frame in a 2D pixel-wise manner and calculating a correlation coefficient at each location. This function produced normalized correlation coefficients by using the normalized matching method argument (CV_TM_CCOEFF_NORMED). Third, the location corresponding to the maximum correlation value was used to determine the frame-to-frame pixel displacements in both Cartesian axes. The time required to execute the cross correlation algorithm was . If the maximum correlation value was greater than a threshold of 0.7, pixel displacements were converted to galvanometer voltages using an empirically derived calibration factor. This threshold was determined experimentally based on its ability to provide consistent results during image stabilization of the target. The resulting voltages were applied and the mirrors were rotated in real time to realign the optical path and stabilize the image of the conjunctival microvasculature. If the maximum correlation value was , mirror voltages were not calculated or applied and image stabilization ceased.
C. Dynamic Response of the Control System
The dynamic response of the control system was assessed by determining the frequency response, settling time, and steady state displacement error. A transparent ruler with millimeter-scale precision served as an imaging target. The target was spatially modulated by applying voltage to a rotating DC motor shaft (Model 50JB, Source Engineering Inc., Santa Clara, CA). Image sequences before and during image stabilization were captured. The imaging camera's exposure, gain and image acquisition rate were 18 ms, 25, and 50 FPS, respectively. The tracking camera's exposure, gain and image acquisition rate were 11 ms, 31, and 90 FPS, respectively.
The frequency response of the control system was determined by measuring the decibel suppression of target motion during image stabilization. The target was vertically modulated by applying voltages from 1 to 21 V, in 1 V increments, to the DC motor, producing a spatial oscillation of at frequencies ranging from 0.15 to 2.63 Hz. Image sequences acquired before and during stabilization were used to determine the frequency of the spatial oscillations and the target displacement, respectively. The suppression in target motion achieved by image stabilization at each target frequency was calculated in decibels as , where was the difference in displacement between before and during image stabilization and was the displacement before image stabilization. A Bode plot of decibel suppression and target oscillation frequency was generated and fitted with a standard exponential function. The frequency response bandwidth was determined from the fitted exponential as the cutoff frequency corresponding to a equal to half of , or equivalently a decibel suppression of . The settling time of the control system was determined by applying an immediate step-wise displacement and tracking image displacement as a function of time during image stabilization. An immediate displacement of was achieved by applying a voltage of 0.15 V to the x-axis galvanometer between successive imaging camera frames during image stabilization. Image sequences during this perturbation were acquired and settling time was determined by the time required to stabilize the image to within 5 pixels of the original position.
The steady state displacement error of the control system was determined by immobilizing the target and tracking image displacement during image stabilization. Image displacement was averaged over 30 successive image frames and a mean displacement from two repeated measurements was calculated.
D. Experimental Design-Target and Conjunctiva
Image stabilization was assessed using a spatially modulated target and the conjunctival microvasculature of human subjects. Image sequences were acquired under three conditions: before image stabilization, during image stabilization at 60 FPS, and during image stabilization at 90 FPS. The imaging camera exposure, gain and FPS were 18 ms, 25, and 50 FPS, respectively. The tracking camera exposure, gain and FPS were 11 ms, 31, and 60 or 90 FPS, respectively.
The target was translated at an average speed of 0.9 mm/s which corresponded to a DC motor voltage of 10 V. This voltage was chosen to represent a substantial challenge to the system without exceeding the cutoff frequency. During translation, three 5-second image sequences were acquired at each image stabilization condition.
Five human subjects (4 male, 1 female, ) were seated in front of the optical imaging system with their heads resting on a chin and forehead support. A point source of light was provided as fixation to the right eye while the left eye was imaged. In each subject, between three and four 5-second image sequences of the temporal conjunctival microvasculature were acquired at each image stabilization condition.
E. Assessment of Image Stabilization
Image stabilization was assessed by three metrics: 1) image sharpness, 2) image displacement and 3) field of view. All image analyses were performed by algorithms developed in Matlab (Matlab 2013, MathWorks, Natick, MA). First, a mean image was generated from the image sequence by averaging all frames and then a sharpness score (SS) was calculated by determining the average magnitude of the horizontal and vertical pixel-topixel intensity gradients, according to (1) . (1) I (x,y) is the 2D array of intensity values obtained from the mean image, and are intensity gradients in the x and y dimensions respectively, and N is the number of elements in the 2D array. The intensity gradients were calculated using the Matlab function gradient. Higher sharpness scores indicated increased image contrast. Second, the relative frame-to-frame displacement of a manually defined ROI through the image sequence was determined. The standard deviations of the shift amplitudes were calculated in the x and y Cartesian axes ( and respectively). The total magnitude of the displacements was calculated as :
Lower values of indicate decreased displacement between consecutive image frames and better image stabilization. Third, the effect of image stabilization on maintaining the imaged area was assessed by calculating the percentage of the field of view (FOV) that was maintained during image acquisition. The maintained FOV corresponds to the percentage of the original FOV which was constantly observable throughout the image sequence, and was calculated as: (3) where , , , and are the image dimensions and maximal displacements in the x and y Cartesian axes, respectively. Higher values of indicate smaller maximal displacements and better image stabilization.
The dynamic response of the control system was evaluated using the metric. Target image stabilization was assessed with SS and metrics. Conjunctival microvasculature image stabilization was demonstrated using SS, , and metrics.
F. Data Analysis
Mean SS, and values were calculated by averaging repeated measurements at each image stabilization condition. From conjunctival microvasculature images, the repeatability of and was assessed by calculating the standard deviation of repeated measurements averaged over all subjects at each image stabilization condition. General linear model repeated measures analysis was used to evaluate the effect of image stabilization on stabilization metrics (SS, , and ). Pairwise comparisons were performed with Bonferroni adjustments for multiple comparisons. Significance was accepted at . SPSS software (version 22, SPSS, Chicago, IL, USA) was used to perform statistical analyses.
III. RESULTS
The cutoff frequency of the control system was 2.33 Hz, indicating effective stabilization at mean target velocities of less than 1.82 mm/s. The mean settling time from two repeated measurements was , indicating recovery from instantaneous displacements of within a third of a second. The steady state displacement error of the system was , corresponding to . Mean images of the target before and during image stabilization are shown in Fig. 2(a) . Left, center and right columns of Fig. 2(a) correspond to mean images generated before image stabilization, during image stabilization at 60 FPS, and during image stabilization at 90 FPS, respectively. Image contrast and sharpness of the target mean images was improved with image stabilization. Mean SS values of the target images under each stabilization condition are shown in Fig. 2(b) . Mean SS values before and during image stabilization at 60 and 90 FPS were , , , respectively. Mean values in the target before and during image stabilization at 60 and 90 FPS are shown in Fig. 2(c) . Before image stabilization, was . during image stabilization at 60 and 90 FPS were and , respectively. Repeatability of measurements during conjunctival image stabilization at 60 and 90 FPS were and , respectively. Repeatability of measurements during conjunctival image stabilization at 60 and 90 FPS were 10%, and 3%, respectively. Mean conjunctival microvasculature images from one human subject before and during image stabilization at 60 and 90 FPS are shown in Fig. 3(a) . Image stabilization is demonstrated by increased contrast, sharpness and the ability to distinguish fine details of the microvasculature, as indicated by arrow-heads. Mean SS values of conjunctival images in all human subjects obtained before and during image stabilization are shown in Fig. 3(b) . There was a significant effect of image stabilization on SS . Image stabilization at 60 and 90 FPS increased SS as compared to before stabilization , whereas there was no significant difference in SS between image stabilization at 60 and 90 FPS . Mean and in all subjects before and during image stabilization at 60 and 90 FPS are displayed in Figs. 4(a) and 4(b) , respectively. Before and during image stabilization at 60 and 90 FPS, mean was , and , respectively. There was a significant effect of image stabilization on . Image also increased with image stabilization at 90 FPS as compared to 60 FPS .
IV. DISCUSSION
We developed a novel optical imaging system to perform automated real-time image stabilization of the conjunctival microvasculature. The system uses a normalized cross correlation algorithm to detect conjunctival microvasculature motion and control rotational galvanometers to realign the optical imaging path. Image stabilization was repeatable and reduced displacements of the target and conjunctival microvasculature, while also maintaining a larger field of view of the microvasculature.
The dynamic response of the control system for conjunctival microvasculature image stabilization was established. The cutoff frequency corresponded to a mean velocity of 1.82 mm/s, which is substantially greater than eye motion from saccade and gaze drift [22] . Increased SS of the target image and decreased during image stabilization were demonstrated, confirming the capability of the system to suppress sustained motion at a velocity within the frequency response of the control system. The settling time of the system was less than a third of a second, adequate to stabilize saccade eye motion which occurs every during fixation and has a latency of [22] , [23] .
Conjunctival microvasculature images acquired during image stabilization demonstrated improved visualization of fine details. This observation was confirmed by increased SS and reduced during image stabilization. Furthermore, image stabilization at 90 FPS reduced to , which was significantly lower than at 60 FPS. In addition, of the conjunctival microvasculature significantly increased during image stabilization. was during image stabilization at 90 FPS, and significantly greater than at 60 FPS. These results support the potential of the system to image blood vessels within a fixed region for monitoring dynamic changes in conjunctival hemodynamics over time.
In the current configuration, a dedicated optical imaging system was developed for conjunctival microvasculature image stabilization. In the future, it may be feasible to design and develop a more compact and modular system that can be integrated into commercial slit lamp biomicroscopes, which would facilitate application of this technology for multicenter clinical studies. As with all optical imaging techniques, image quality can affect the system's performance. Although image stabilization was demonstrated at high frame rates, image quality can be adversely affected due to the prerequisite short exposures. Since the light levels used in the current study were low, a possible solution is to deliver more light to the eye or improve light efficiency along the tracking optical path. Furthermore, since image acquisition and the cross correlation algorithm occur in series, computation time of the cross correlation algorithm can also directly affect performance. The cross correlation algorithm had a runtime of up to 2 ms and can limit the effective frame rates of both the tracking and imaging cameras. A possible solution is to reduce computation time by performing the cross correlation algorithm on the graphics processing unit using compute unified device architecture. The current study established the feasibility of the image stabilization method in a small cohort of healthy subjects. Future studies are needed to determine effects of gender, race, age, and pathologies on the performance of the system.
V. CONCLUSION
A technique for automated real-time image stabilization of the conjunctival microvasculature was demonstrated. This technique was shown to significantly reduce displacements of the target and conjunctival microvasculature as well as maintain the original imaged area during image acquisition. Therefore, this technique may enable further advancements in the study of microvascular pathophysiology. While the optical imaging system was used for stabilized conjunctival microvasculature imaging, the technique described here is applicable to other disciplines and tissues which require image stabilization to further improve the efficacy of image analysis algorithms.
